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Abstract 
This work investigates if saline pore water pressure increases associated with CO2 injection could impact overlying 
freshwater resources via upward migration along potentially leaky boreholes at a proposed CCS site in Alberta. 
Injection was simulated using a single-phase model and a series of numerical experiments were conducted to assess 
potential impacts in the overlying aquifers in terms of pressure head changes and the presence of simulated tracers. 
The results indicated that impacts were both localized and minimal, and became increasingly negligible above the 
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1. Introduction 
Far field impacts refer to indirect impacts via the regional displacement of saline water in response to 
large scale CO2 injection into saline aquifers [1]. Unlike the impacts posed by CO2 migrating out of the 
storage complex, far field impacts can potentially occur many kilometres beyond the confines of the 
injection plume due to the accompanying increase in pore water pressure. These impacts manifest 
themselves in two primary ways: 1) alteration of regional groundwater flow and surface water-
groundwater interaction patterns due to increases in pore water pressure and 2) saline water displaced 
from the injection formation mixes with overlying freshwater resources and subsequently degrades water 
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quality. The main potential pathways by which these impacts can influence overlying freshwater resources 
are the same as those identified for CO2 [2,3,4,5], namely: leakage through the caprock, migration along 
faults and/or factures, and leaky boreholes. The concept of far field impacts was first introduced into the 
literature over twenty-five years ago by Bergman and Winter [6]. However, the first study that 
investigated these impacts in detail was published less than five years ago [7]. In the time since that first 
study, several additional research groups have begun examining various aspects of this topic, most of 
whom used numerical models to carry out their work [e.g. see 5,8,9,10,11,12,13, among others]. Most of 
the far field impact studies published to date have been conducted using synthetic information and 
relatively few have been based on data from an operating (or proposed) CCS project site. To the best of 
the authors’ knowledge, no far field impact study has been published thus far that is based on field data 
and that also considers potential impacts on freshwater resources overlying the injection formation via 
leaky boreholes.  
The main objective of this work is to investigate if, how and to what degree the pore water pressure 
increases associated with proposed CO2 injection operations will impact overlying freshwater resources 
via upward migration through potentially leaky boreholes at the proposed Heartland Area Redwater 
Project (HARP) in Alberta, Canada. The work is carried out using a single-phase surface water-
groundwater interaction model called HydroGeoSphere [14] that is, to the extent feasible, populated using 
measured or observed data taken at the site. Injection simulations are performed with the model under two 
different conceptualizations of the regional flow system. Pressurized saline water migrates out of the 
injection formation and into overlying freshwater aquifers via potentially leaky boreholes. In turn, the 
corresponding far field impacts are assessed both in terms of pressure head changes in the overlying 
aquifers (and at the land surface) and through the use of a novel simulated tracer technique that is used to 
investigate the possible extent of water quality degradation. 
2. Physical System 
The local-scale study area (LSSA) for HARP encompasses approximately 1900 Km2, from Townships 
50 to 58 and Ranges 20 to 24, west of the 4th Meridian (W4M) (Figure 1). The HARP LSSA has been the 
subject of numerous studies regarding the geological, hydrogeological, geophysical and geochemical 
characteristics from its pre-Cambrian basement to the land surface [15,16,17,18,19,20,21]. The proposed 
geologic formation targeted for supercritical CO2 storage would be the Devonian Redwater-Leduc 
carbonate reef structure. Injection operations would be located in the vast water leg of the reef, along its 
western to south-western border. Immediately above and surrounding the reef structure is the Ireton shale, 
whose hydraulic and geomechanical properties suggest it is a strong barrier for preventing the upward 
migration of injected CO2 (or displaced saline water) into overlying geologic units. However, the reef also 
contains a total of 1323 hydrocarbon wells, most of which perforate the oil bearing leg along its eastern 
periphery (i.e. the Redwater Oil Pool). In general, the presence of these hydrocarbon wells would pose 
little risk in terms of CO2 containment over the life of the CO2 storage project as they are mostly located 
outside the estimated footprint of the injection plume. However, these wells do represent potential 
preferential flow pathways for hydraulic communication between pressurized saline water in the reef and 
overlying freshwater resources.  
HARP was initiated by ARC Resources Ltd. of Calgary which currently operates the Redwater field 
where a small-scale CO2-EOR pilot has been implemented within the oil-bearing portion of the reef. The 
original intent of HARP was to demonstrate the feasibility of injecting up to 100,000 t of CO2 into the 
Redwater-Leduc reef over a one year period. Assuming this initial injection of CO2 was successful, 
production was then slated to ramp up to an injection rate of 1,000,000 t/yr for 20 years. Currently, plans 
to begin injecting at the HARP site are on hold. Nonetheless, the information that has been compiled for 
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HARP represents a unique opportunity to research potential far field impacts on freshwater resources 
based on comprehensive field data collected for a proposed CO2 storage site.  
Geologically, the LSSA consists of a series of siliciclastic and carbonate formations that form saline 
aquifers between the PreCambrian basement rocks and the ground surface, separated from each other by 
competent shale and evaporite strata [22]. The stratigraphy for the HARP site (from the Upper Devonian 
to the land surface) is shown in Figure 1. The corresponding hydrostratigraphy, upon which this current 
work is based, simplifies this stratigraphy somewhat for inclusion in the numerical model. The aquifers 
and aquitards making up hydrostratigraphic conceptual model are (from deepest to shallowest): 1) the 
Cooking Lake Aquifer (composed solely of the Cooking Lake carbonate formation), 2) the Redwater-
Leduc Reef Aquifer/Aquitard (contains the Redwater-Leduc carbonate reef as well as a portion of the 
Ireton shale; this aquifer is also hydraulically connected to the underlying Cooking Lake Aquifer), 3) the 
Ireton Aquitard (composed solely of the upper portion of the Ireton shale formation), 4) the Nisku Aquifer 
(composed solely of the Nisku carbonate formation); 5) the Calmar Aquitard/Aquifer (composed of the 
Calmar shale formation where present and the Nisku carbonate formation elsewhere); 6) the Mannville 
Aquifer (contains the Graminia and Wabamun carbonate formations and the Mannville Group); 7) the Joli 
Fou Aquitard (composed solely of the Joli Fou shale formation); 8) the Viking Aquifer (composed solely 
of the Viking basal sandstone); 9) the Lea Park Aquitard (contains all of the formations from the Lea Park 
shale down to the base of the Upper Viking formation); 10) the Upper Bedrock Aquifer/Aquitard 
(composed of the Horseshoe Canyon sandstone, the Bearpaw shale and the undifferentiated Belly River 
group) and 11) the Quaternary/Tertiary Aquifer/Aquitard (which is composed of the glacial overburden at 
the site). 
 
Fig. 1. Location of the HARP project and the corresponding stratigraphy from the Upper Devonian to the land surface. Legend: Pink 
(evaporates); Blue (carbonates); Grey (shales); Yellow (clastics) and Orange (glacial deposits) (After Bachu et al. [16] and Hauck et 
al. [17]). 
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3. Methodology 
Developing the HydroGeoSphere model for HARP involved designing a three-dimensional finite 
element mesh (which conforms to the site’s hydrostratigraphy) and populating the model with data 
gathered from previous work and literature values when no field data was available. The mesh was also 
locally refined around the proposed location of the HARP pilot injection well, three hypothetical injector 
wells (to simulate full scale injection of 1,000,000 t/yr of CO2) and fifteen boreholes within the LSSA that 
are suspected of posing either an extreme or high risk of leakage [23] (Figure 2). Although the actual 
status of each of these boreholes would have to be verified in the field, in this work we implicitly assume 
they do leak and their suspected open intervals above the reef are tabulated in Table 1. The presence of 
these potentially leaky boreholes represents a series of preferential flow paths by which displaced saline 
water in the reef can migrate upwards and impact the site’s overlying freshwater resources. 
Table 1. Open interval extents for each of the (assumed) leaky boreholes included in the far field impact simulations. Note that the 
bottom of each borehole screen is located within the Leduc Reef. 
Well Name Open From Leduc Reef To 
02 16 056 22W4 Lea Park 
01 14 056 23W4 Viking Basal Sandstone 
13 22 057 23W4 Lea Park 
07 13 056 22W4 Nisku 
07 15 056 22W4 Nisku 
09 21 056 22W4 Lea Park 
01 23 056 22W4 Nisku 
06 19 056 23W4 Nisku 
08 21 056 23W4 Nisku 
02 07 057 22W4 Lea Park 
01 34 057 22W4 Nisku 
10 34 057 22W4 Lea Park 
07 16 057 23W4 Lea Park 
16 17 057 23W4 Lea Park 
07 12 058 23W4 Lea Park 
 
Injection was simulated using two separate flow scenarios. The first scenario, termed the bathtub 
model, assigned no-flow boundaries conditions along the lateral extents of the numerical domain. In doing 
this, displaced saline water trying to exit the lateral boundaries of the LSSA is forced upward. As such, 
the bathtub model results can be assumed to represent a worst-case-scenario in terms of far field impacts 
due to leaky boreholes. The second scenario, termed the regional flow model, assigns constant head 
values along the lateral boundaries. These head values were derived from field data at the site and 
therefore represent a more physically representative (and likely less conservative) way to analyse far field 
impacts. After developing a steady-state baseline condition for both models, injection operations were 
simulated. Each injection simulation consisted of three distinct phases: 1) injecting at the pilot rate in the 
pilot well (year 1), 2) full scale injection equally distributed across all four injectors (years 2-21) and 3) 
recovery (out to 200 years). The volume correction used to compensate for simulating the injection of 
CO2 using a single phase model followed the methodology of Nicot [7]. As well, the saline water residing 
within the reef at the beginning of the simulation was numerically tagged with a concentration value of 
1.0 and subsequently tracked as the model ran (i.e. both flow and solute transport processes were 
considered in this work).  Including transport processes in the simulations enables us to extend the 
subsequent far field impact analyses to include both an assessment of resulting pressure head changes in 
the overlying aquifers as well as an indication of potential water quality degradation.  
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Fig. 2. A two-dimensional slice of the finite element mesh used for this work and the locations of the planned HARP pilot injection 
well, three hypothetical injection wells and the potentially leaky boreholes used in the far field impacts assessment. Note that the 
refined region from the upper northeast corner down to the middle of the southern extent of the domain is the location of the North 
Saskatchewan River. 
4. Results 
Far field impacts in terms of pressure head changes were assessed by subtracting the computed 
baseline hydraulic head values in each overlying aquifer from the head values calculated at the end of 
injection (21 years; the approximate time at which the greatest change would be expected to occur). For 
the bathtub model, the maximum computed head changes in the Nisku, Mannville, Viking and Upper 
Bedrock Aquifer were 74.3 m, 44.6 m, 44.6 m and 4.3m, respectively, and the maximum change at the 
land surface was 8 cm. For the regional flow model, these aquifer values were 73.8 m, 44.3 m, 44.3 m and 
2.6 m, respectively, and maximum change at the land surface dropped to 0.7 cm. Although the head 
changes computed using the bathtub model are consistently larger than those produced by the regional 
flow model (which was to be expected), it is interesting to note that they are comparable. The results also 
clearly indicate that the impact of the induced cross-formational flow made possible by the presence of the 
potentially leaky boreholes progressively declines within each subsequent aquifer overlying the reef. 
Upon reaching the bedrock surface (Figure 3), the impacts are quite diminished. Figure 3 also shows that 
the lateral extents of these residual impacts cluster around the locations of the potentially leaky boreholes. 
Figure 4 shows simulated tracer concentration plots across the bedrock surface at 0 and 200 years for 
the bathtub and regional flow models, respectively. The figure illustrates that saline water displaced from 
the reef has migrated to the bedrock surface after 200 years in the bathtub model (B) but did not migrate 
this far up  in the regional flow model (D). In contrast, both models showed that the corresponding 
pressure pulse reached the bedrock surface in both cases, albeit to minimal effect (Figure 3). These tracer 
results can be used as indirect proxy for assessing far field water degradation impacts. For this work, the 
potential for water degradation appears to be minimal in that it was only able to manifest itself under 
worst-case-scenario conditions and the extent of the impact is confined to the immediate vicinity around 
some of the potentially leaky boreholes.   
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Fig. 3. Computed changes in pore water pressure (i.e. changes in hydraulic head) at the LSSA bedrock surface at the end of injection 
(21 years of simulation time). For the bathtub model results (A), the computed maximum head change is 4.2 m. For the regional 
flow model results (B), the computed maximum change is 2.7 m. In each case, the magnitude and extent of the impact is minimal 
and localized around the potentially leaky borehole locations. 
 
Fig. 4. Simulated tracer concentration distributions at 0 and 200 years for the bathtub [(A) and (B)] and regional flow [(C) and (D)] 
models, respectively. Note that for cases (A), (C) and (D) no tracer is present. The tracer plumes in (B) are quite small, which 
indicates that the potential for water quality degradation at the bedrock surface for this site is, at best, a very localized phenomena 
(the tracers are confined around the immediate vicinity of the potentially leaky boreholes) and was only computed to occur under a 
conservative worst-case-scenario. 
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5. Summary and Conclusions 
This work involved performing a series of numerical experiments to assess far field impacts associated 
with saline water displacement in response to proposed CO2 injection operations at the HARP site in 
Alberta, Canada. Displacement of saline water out of the reef and into the overlying aquifers was 
facilitated by the presence of 15 potentially leaky boreholes present at the site. The impacts were assessed 
in terms of hydraulic head changes in the overlying aquifers (pore water pressure impacts) and the 
presence or absence of a simulated tracer (water quality degradation impacts). The work was carried out 
using a numerical model capable of rigorously simulating single phase flow (on the surface and in the 
subsurface), solute transport and surface water-groundwater interactions. Although assessing impacts 
within the footprint of the injected CO2 plume are best accomplished using a multiphase model, it was 
implicitly assumed that a single phase model was adequate for simulating far field impacts (albeit while 
keeping in mind the density contrast between the displaced saline water and overlying freshwater is not 
being properly accounted for and will therefore inevitably introduce a small amount of error into the 
results). 
The modelling results indicated that the far field impacts of the displaced saline water on overlying 
aquifers progressively diminished within each subsequent aquifer overlying the reef. Upon reaching the 
bedrock surface, pressure head- and water degradation-related impacts were both found to be minimal in 
magnitude and primarily confined around the locations of the potentially leaky boreholes. At the land 
surface, the impacts were computed to be negligible.  
In conclusion, the results of this work indicate that the presence of leaky boreholes at a CCS site can 
enhance far field impacts by providing a preferential flow path for displaced saline water to influence the 
pore water pressures and water quality in overlying aquifers. For the HARP site considered in this study, 
these impacts were negligible at the land surface and minor at the bedrock surface. Moreover the lateral 
extent of these impacts appeared to be centred on the locations of the potentially leaky boreholes. The 
simulated tracer technique introduced in this work to explore water quality impacts is somewhat novel and 
future extensions of this work will incorporate this technique into their scope. 
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